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SEMICONDUCTOR DEVICE INCLUDING A DEPLETION TYPE 
5 LATERAL MOSFET AND METHOD OF FORMING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

10 The present invention relates to a semiconductor device and a 

method of forming the same, and more particularly to a semiconductor 
device which includes both a vertical MOS field effect transistor in a 
semiconductor substrate and a depletion type lateral MOS field effect 
transistor in a well region in the semiconductor substrate. 

15 

2. Description of the Related Art 

Japanese patent No. 277155 and Japanese laid-open patent 
publication No. 10-233506 disclose conventional semiconductor devices, 
each of which includes both a vertical MOS field effect transistor in a 
20 semiconductor substrate and a depletion type lateral MOS field effect 
transistor in a well region in the semiconductor substrate. FIGS. lA 
through IK are fragmentary cross sectional elevation views illustrative of 
conventional semiconductor devices in sequential steps involved in a 
conventional method for forming the same. 
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With reference to FIG. lA, an n--type epitaxial layer 23 with a 
low impurity concentration is formed over an n+-type semiconductor 
substrate 22 with a high impurity concentration. An oxide film 24 is formed 
over the n--type epitaxial layer 23. A resist film is applied on the oxide film 
5 24. The resist film is then patterned by a lithography process to form a 
resist pattern. The resist pattern is used as a mask for selectively etching the 
oxide film 24, so that a part of the upper surface of the n--type epitaxial 
layer 23 is exposed through an opening of the oxide film 24. The used 
resist film is then removed. 

10 With reference to FIG. IB, the oxide film 24 with the opening is 

used as a mask for selective ion-implantation of boron as a p-type impurity 
into a selected region of the n"-type epitaxial layer 23. A heat treatment is 
then carried out for activation of the implanted impurity in the selected 
region of the n--type epitaxial layer 23, thereby to selectively form a p-well 

15 region 25 in the n--type epitaxial layer 23. 

With reference to FIG. IC, the oxide film 24 is completely 
removed. A selective wet oxidation is carried out using masks to 
selectively form field oxide films 26 on the upper surface of the p-well 
region 25 and on the upper surface of the n--type epitaxial layer 23. 

20 With reference to FIG. ID, a resist film is entirely applied over 

the field oxide films 26, the upper surface of the p-well region 25 and the 
upper surface of the n--type epitaxial layer 23. The resist film is then 
patterned by a lithography technique to form a resist pattern 27 having an 
opening which is positioned over a part of the p-well region 25. The resist 
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pattern 27 is used as a mask for selective ion-implantation of arsenic or 
phosphorous as an n-type impurity into a selected region in the p-well 
region 25, thereby forming an n-type region 28 which serves as a channel 
region of a depletion type lateral MOS field effect transistor. This n-type 
5 impurity is for adjusting a threshold voltage of the depletion type lateral 
MOS field effect transistor. 

With reference to FIG. IE, the used resist pattern 27 is 
completely removed. The upper surfaces of the p-well region 25 and the n"- 
type epitaxial layer 23 are subjected to an oxidation to form gate oxide 
'.] 10 films 29a and 29b over the upper surface of the p-well region 25 as well as 
m form a gate oxide film 29c over the upper surface of the n"-type epitaxial 
C layer 23. A polysilicon layer doped with an n-type impurity is entirely 
formed over the field oxide films 26 and the gate oxide films 29a, 29b and 
29c. The n-doped polysilicon layer is then patterned by a lithography 
15 technique and a subsequent selective etching process to form gate 
electrodes 30a, 30b and 30c. The gate electrode 30a is positioned over the 
gate oxide film 29a. This gate electrode 30a is a gate electrode for the 
depletion type lateral MOS field effect transistor in the p-well region 25. 
The gate electrode 30b is positioned over the gate oxide film 29b. This gate 
20 electrode 30b is a gate electrode for the enhancement type lateral MOS 
field effect transistor in the p-well region 25. The gate electrodes 30c are 
positioned over the gate oxide film 29c. This gate electrodes 30c are gate 
electrodes for the vertical MOS field effect transistors in the n--type 
epitaxial layer 23. 
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With reference to FIG. IF, a resist film is entirely applied over 
the gate electrodes 30a, 30b and 30c and the gate oxide films 29a, 29b and 
29c as well as over the field oxide films 26. The resist film is then 
patterned by a lithography technique to form a resist pattern 31 which 
5 covers the p-well region 25. 

With reference to FIG. IG, the resist pattern 31 and the gate 
electrodes 30c are used as masks for selective ion-implantation of boron as 
a p-type impurity into the n"-type epitaxial layer 23. The used resist pattern 
31 is removed. A heat treatment is then carried out for activation of the 

10 implanted impurity, thereby selectively forming p-type regions 32 in the n"- 
type epitaxial layer 23, wherein the p-type regions 32 are positioned under 
gaps between the gate electrodes 30c. The p-type regions 32 serve as body 
regions of the vertical MOS field effect transistors. Another resist film is 
further applied entirely over the gate electrodes 30a, 30b and 30c, and the 

15 gate oxide films 29a, 29b and 29c as well as over the field oxide films 26. 
The resist film is then patterned by a lithography technique to form a resist 
pattern 33 which has openings positioned between the gate electrodes 30c 
and over the p-type regions 32, so that parts of the upper surfaces of the p- 
type regions 32 are exposed through the openings of the resist pattern 33. 

20 With reference to FIG. IH, the resist pattern 33 is used as a mask 

for selective ion-implantation of boron as a p-type impurity into the p-type 
regions 32 at a high impurity concentration. The resist pattern 33 is 
completely removed. A heat treatment is then carried out for activation of 
the implanted impurity to selectively form p+-type regions 34 in the p-type 
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regions 32. The p+-type regions 34 are higher in impurity concentration 
than the p-type regions 32. The p+-type regions 34 serve to suppress 
effective operations of parasitic bipolar transistors to the vertical MOS field 
effect transistors. Still another resist film is entirely applied over the gate 
5 electrodes 30a, 30b and 30c, and the gate electrodes 29a, 29b and 29c as 
well as over the field oxide films 26. The resist film is then patterned by a 
lithography technique to form resist patterns 35 vv^hich are positioned over 
the p+-type regions 34. 

With reference to FIG. II, the resist patterns 35, the gate 

10 electrodes 30a, 30b and 30c and the field oxide films 26 are used as masks 
for selective ion-implantation of arsenic as an n-type impurity into selected 
regions in the p-well region 25 and in the p+-type regions 34 at a high 
impurity concentration. The used resist patterns 35 are completely removed. 
A heat treatment is then carried out for activation of the implanted impurity, 

15 thereby to selectively form n+-type regions 36a, 36b, 36c and 36d in the p- 
well region 25, and n+-type regions 36e in the p+-type regions 34, The n+- 
type regions 36a and 36b serve as source and drain regions of the depletion 
type lateral MOS field effect transistor in the p-well region 25. The n+-type 
regions 36c and 36d serve as source and drain regions of the enhancement 

20 type lateral MOS field effect transistor in the p-well region 25. The n+-type 
regions 36e serve as source regions of the vertical MOS field effect 
transistors in the n"-type epitaxial layer 23. An inter-layer insulator 37 is 
entirely formed over the gate electrodes 30a, 30b and 30c, and the gate 
electrodes 29a, 29b and 29c as well as over the field oxide films 26. Yet 
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another resist film is entirely applied over the inter-layer insulator 37. The 
resist film is then patterned by a lithography technique to form a resist 
pattern 28 with openings which are positioned over contact regions of the 
inter-layer insulator 37. 
5 With reference to FIG. IJ, the resist pattern 28 is used as a mask 

for selectively etching the inter-layer insulator 37 and the gate oxide films 
29a, 29b and 29c to form contact holes in the inter-layer insulator 37. The 
contact holes are positioned over the n+-type regions 36a, 36b, 36c and 36d, 
" :: as well as over the p+-type regions 34 and the n+-type regions 36e, 
' ■ ^lO whereby parts of the n+-type regions 36a, 36b, 36c and 36d as well as the 
1 p+-type regions 34 and parts of the n+-type regions 36e are exposed 
r, through the contact holes in the inter-layer insulator 37. The used resist 
pattern 38 is completely removed. An aluminum layer 39 is entirely formed 
over the inter-layer insulator 37 and within the contact holes, so that the 
15 aluminum layer 39 is in contact with the parts of the n+-type regions 36a, 
36b, 36c and 36d as well as the p-h-type regions 34 and the parts of the n+- 
type regions 36e. A resist film is further applied entirely over the aluminum 
layer 39. The resist film is then patterned by a lithography technique to 
form a resist pattern 40. 
20 With reference to FIG. IK, the resist pattern 40 is used as a mask 

for selectively etching the aluminum layer 39 to form aluminum electrodes 
39a, 39b, 39c, 39d, and 39e. The aluminum electrodes 39a and 39b are in 
contact with the source and drain regions 36a and 36b of the depletion type 
lateral MOS field effect transistor in the p-well region 25, so that the 
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aluminum electrodes 39a and 39b serve as source and drain electrodes of 
the depletion type lateral MOS field effect transistor. The aluminum 
electrodes 39c and 39d are in contact with the source and drain regions 36c 
and 36d of the enhancement type lateral MOS field effect transistor in the 
p-well region 25, so that the aluminum electrodes 39c and 39d serve as 
source and drain electrodes of the enhancement type lateral MOS field 
effect transistor. The aluminum electrode 39c is in contact with the p+-type 
regions 34 and the parts of the n+-type regions 36e in the p-type regions 32, 
so that the aluminum electrode 39c serves as a source electrode of the 
vertical MOS field effect transistor. The used resist pattern 40 is completely 
removed. A bottom electrode 41 is formed on a bottom surface of the 
semiconductor substrate 22. 

The above conventional semiconductor device has a circuit 
configuration which includes the n-channel MOS field effect transistors 
and the p-channel MOS field effect transistors only. The above 
conventional semiconductor device may be fabricated by small number of 
additional processes in additional to the processes for the vertical MOS 
field effect transistors. This allows a manufacturing cost reduction. The 
above conventional semiconductor device is, however, disadvantageous in 
a large variation in threshold voltage of the depletion type lateral MOS 
field effect transistor. This makes it difficult to design the circuit. If the 
variation in threshold voltage exceeds an acceptable range, then this means 
the semiconductor device to be defect, whereby the yield is dropped. 

The following description will focus on the reason why the 
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variation in the threshold voltage of the depletion type lateral MOS field 
effect transistor is large. Assuming that the enhancement type lateral MOS 
field effect transistor has a threshold voltage of IV and the depletion type 
lateral MOS field effect transistor has a threshold voltage of -IV, a surface 
5 impurity concentration of the p-well region 25 is ranged from about 1E16 
cm-3 to 1E17 cm-3, and another surface concentration of the n-type region 
28 is ranged from about 1E13 cm-3 to 1E15 cm-3, provided that the surface 
concentration of the n-type region 28 depends on a depth of a p-n junction 

; between the n-type regions 28 and the p-well region 25. 

10 Assuming hereby that the surface impurity concentration of the 

p-well region 25 is 1E16 cm-3, the surface concentration of the n-type 
region 28 is 1E13 cm-3, a boron concentration of the surface region of the 
p-well region 25 is 1E16 cm-3^ and an arsenic or phosphorus concentration 
of the surface region of the n-type region 28 is 1.001E16 cm-3. Namely, the 

15 impurity concentration of 1E13 cm-3 of the n-type region 28 corresponds to 
a subtraction of the boron concentration of 1E16 cm-3 from the arsenic or 
phosphorus concentration of 1.001E16 cm-3. if the arsenic or phosphorus 
concentration varies by only 1% from 1E16 cm-3 to 1.002E16 cm-3, then 
the impurity concentration of the n-type region 28 is 2E13 cm-3 because of 

20 1.002E16 cm-3 _1E16 cm-3 = 0.002E16 cm-3 = 2E13 cm-3. The variation 
in surface impurity concentration of the n-type region 28 is 100% of the 
target surface impurity concentration of 1E13 cm-3. 

The threshold voltage is almost proportional to a logarithm of the 
impurity concentration. For this reason, the variation in threshold voltage 
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of the depletion type lateral MOS field effect transistor is much larger than 
the variation in threshold voltage of the enhancement type lateral MOS 
field effect transistor. 

If the p-n junction between the n-type region 28 and the p-vv^ell 
region 25 is so shallow that a depletion layer from the p-n junction reaches 
the gate oxide film 29a and no further extension of the depletion layer is 
possible, then a neutralization of charges at the p-n junction is established 
not only by the depletion layer but also injection of positive charges into 
the gate electrode 30a upon an additional voltage application to the gate 
electrode 30a. This additional voltage application to the gate electrode 30a 
increases the threshold voltage of the depletion type lateral MOS field 
effect transistor. If the threshold voltage of the depletion type lateral MOS 
field effect transistor is fixed, the decrease in depth of the p-n junction 
results in the increase in impurity concentration of the n-type region 28. 
The increase in impurity concentration of the n-type region 28 reduces the 
variation in threshold voltage of the depletion type lateral MOS field effect 
transistor. Namely, in order to reduce the variation in threshold voltage of 
the depletion type lateral MOS field effect transistor, it is effective to 
decrease the depth of the p-n junction between the n-type region 28 and the 
p-well region 25. 

In accordance with the above conventional fabrication method, 
after the n-type region 28 has been formed, the heat treatments are carried 
out for forming the p-type regions 32 and the p+-type regions 34. Those 
heat treatments are carried out at high temperature, for example, 1140°C 
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for a relatively long time, for example, about several tends minutes. Those 
heat treatments cause an undesirable diffusion of the n-type region 28, so 
that the p-n junction depth is also made deep. Namely, the heat treatments 
make it difficult to form a desirable shallow p-n junction. This means that 
5 the heat treatments make it difficult to suppress variation in threshold 
voltage of the depletion type lateral MOS field effect transistor. 

In the above circumstances, the development of a novel 
semiconductor device and method of forming the same free from the above 
problems is desirable. 

10 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to provide a 
novel semiconductor device including a depletion type lateral MOS field 
15 effect transistor in a well region free from the above problems. 

It is a further object of the present invention to provide a novel 
semiconductor device including a depletion type lateral MOS field effect 
transistor in a well region, wherein the transistor has a small variation in 
threshold voltage. 

20 It is a still further object of the present invention to provide a 

novel method of forming a semiconductor device including a depletion 
type lateral MOS field effect transistor in a well region free from the above 
problems. 

It is yet a further object of the present invention to provide a 
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novel method of forming a semiconductor device including a depletion 
type lateral MOS field effect transistor in a well region, w^herein the 
transistor has a small variation in threshold voltage. 

The present invention provides a channel region of a depletion 
5 type lateral field effect transistor. The channel region of a first conductivity 
type is selectively provided in a semiconductor region of a second 
conductivity type, and the channel region underlies a gate insulating film, 
wherein an interface of the channel region to the gate insulating film lies at 
a lower level than an upper surface of the semiconductor region. 
10 The above and other objects, features and advantages of the 

present invention will be apparent from the following descriptions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 Preferred embodiments according to the present invention will be 

described in detail with reference to the accompanying drawings. 

FIGS. lA through IK are fragmentary cross sectional elevation 
views illustrative of conventional semiconductor devices in sequential steps 
involved in a conventional method for forming the same. 

20 FIGS. 2A through 2L are fragmentary cross sectional elevation 

views illustrative of novel semiconductor devices in sequential steps 
involved in a novel method for forming the same in a preferred 
embodiment in accordance with the present invention. 

FIG. 3 is a diagram illustrative of variations in threshold voltage 



Page 11 



Pf-2840/nec/us/mh 

of the novel and conventional depletion type lateral MOS field effect 
transistors versus surface impurity concentration of channel region thereof 
in both the preferred embodiment of the present invention and the prior art. 

FIG. 4 is a diagram illustrative of threshold voltage values of the 
5 novel and conventional depletion type lateral MOS field effect transistors 
versus in-plane variations of the threshold voltage over wafer in both the 
preferred embodiment of the present invention and the prior art. 

; DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

-10 

: . j A first aspect of the present invention is a channel region of a 

depletion type lateral field effect transistor. The channel region of a first 
py conductivity type is selectively provided in a semiconductor region of a 
second conductivity type, and the channel region underlies a gate insulating 
15 film, wherein an interface of the channel region to the gate insulating film 
lies at a lower level than an upper surface of the semiconductor region. 

The semiconductor region may comprise a well region 
selectively provided in a semiconductor substrate. 

The channel region may comprise a diffusion layer doped with an 
20 impurity of the first conductivity type which is for adjustment to a 
threshold voltage of the depletion type lateral field effect transistor. 

A second aspect of the present invention is a well region for a 
depletion type lateral field effect transistor. The well region of a second 
conductivity type is selectively provided in a semiconductor substrate. The 
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well region has an upper surface and including an impurity diffused region 
which is selectively provided in the well region. The impurity diffused 
region is doped with an impurity of a first conductivity type which is for 
adjustment to a threshold voltage of the depletion type lateral field effect 
5 transistor, wherein the upper surface of the impurity diffused region lies at 
a lower level than the upper surface of the well region. 

The upper surface of the impurity diffused region is bounded 
with a gate insulating film. 

The impurity diffused region forms a channel layer of the 
10 depletion type lateral field effect transistor. 

A third aspect of the present invention is a semiconductor wafer 
comprising : a semiconductor substrate of a first conductivity type ; an 
epitaxial layer of the first conductivity type overlying the semiconductor 
substrate ; a well region of a second conductivity type selectively provided 
15 in the epitaxial layer ; and an impurity diffused channel region being 
selectively provided in the well region, and the impurity diffused channel 
region being doped with an impurity of the first conductivity type which is 
for adjustment to a threshold voltage of a depletion type lateral field effect 
transistor, wherein the upper surface of the impurity diffused channel 
20 region lies at a lower level than the upper surface of the well region. 

The upper surface of the impurity diffused region is bounded 
with a gate insulating film. 

A fourth aspect of the present invention is a depletion type lateral 
MOS field effect transistor comprising : a channel region of a first 
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conductivity type being selectively provided in a semiconductor region of a 
second conductivity type ; source and drain regions of the first conductivity 
type being selectively provided in the semiconductor region, the channel 
region being interposed between the source and drain regions ; a gate 
5 insulating film extending over the channel region ; and a gate electrode 
provided on the gate insulating film, wherein an interface of the channel 
region to the gate insulating film lies at a lower level than an upper surface 
of the semiconductor region. 

The semiconductor region may comprise a well region 
LO selectively provided in an epitaxial layer of the first conductivity type, and 
the epitaxial layer overlying a semiconductor substrate of the first 
conductivity type. 

The channel region may comprise a diffusion layer doped with an 
impurity of the first conductivity type which is for adjustment to a 
15 threshold voltage of the depletion type lateral field effect transistor. 

A fifth aspect of the present invention is a semiconductor wafer 
including : an impurity diffused region of a first conductivity type being 
selectively provided in a semiconductor region of a second conductivity 
type ; and an oxide film overlying the impurity diffused region, wherein an 
20 interface of the impurity diffused region to the oxide film lies at a lower 
level than an upper surface of the semiconductor wafer. 

The semiconductor region may comprise a well region 
selectively provided in a semiconductor substrate. 

The channel region may comprise a diffusion layer doped with an 
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impurity of the first conductivity type which is for adjustment to a 
threshold voltage of a depletion type lateral field effect transistor. 

The oxide film may have a thickness of at least 5000 angstroms. 
A sixth aspect of the present invention is a method of forming a 
5 channel region of a depletion type lateral field effect transistor, comprising 
the steps of : selectively forming a channel region of a first conductivity 
type in a semiconductor region of a second conductivity type ; subjecting 
an upper region of the channel region to a selective oxidation to form an 
oxide film which overlies the channel region, wherein an interface of the 
10 impurity diffused region to the oxide film lies at a lower level than an upper 
surface of the semiconductor wafer. 
O The oxide film may have a thickness of at least 5000 angstroms, 

i"? The semiconductor region may comprise a well region 

selectively formed in an epitaxial layer over a semiconductor substrate. 
15 The channel region may comprise a diffusion layer doped with an 

impurity of the first conductivity type which is for adjustment to a 
threshold voltage of a depletion type lateral field effect transistor. 
The oxidation may be a wet oxidation. 

The oxide film overlying the channel region may be formed at 
20 the same time of forming at least a field oxide film. 

A seventh aspect of the present invention is a method of forming 
a channel region of a depletion type lateral field effect transistor, 
comprising the steps of : selectively introducing a first impurity of a second 
conductivity type at a first impurity concentration into a first selected 
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region of a semiconductor region of a first conductivity type ; selectively 
introducing a second impurity of the first conductivity type at a second 
impurity concentration into a second selected region in the first selected 
region, the second impurity concentration being higher than the first 
5 impurity concentration ; carrying out a heat treatment for activating the first 
and second impurities to form a well region on the first selected region and 
a channel region on the second selected region concurrently ; and 
subjecting an upper region of the channel region to a selective oxidation to 
form an oxide film which overlies the channel region, so that an interface 

;10 of the impurity diffused region to the oxide film lies at a lower level than 

hi an upper surface of the semiconductor wafer. 

- „ The oxide film may have a thickness of at least 5000 angstroms. 

The semiconductor region may comprise a well region 
selectively formed in an epitaxial layer over a semiconductor substrate. 
15 The channel region may comprise a diffusion layer doped with an 

impurity of the first conductivity type which is for adjustment to a 
threshold voltage of a depletion type lateral field effect transistor. 
The oxidation may be a wet oxidation. 

The oxide film overlying the channel region may be formed at 
20 the same time of forming at least a field oxide film. 

FIRST HMBODTMENT: 

A first embodiment according to the present invention will be 
described in detail with reference to the drawings. FIGS. 2A through 2L are 
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fragmentary cross sectional elevation views illustrative of novel 
semiconductor devices in sequential steps involved in a novel method for 
forming the same in a preferred embodiment in accordance with the present 
invention. 

5 With reference to FIG. 2A, an n"-type epitaxial layer 2 with a low 

impurity concentration is formed over an n+-type semiconductor substrate 
1 with a high impurity concentration. An oxide film 3 is formed over the n" 
::: -type epitaxial layer 2. A resist film is applied on the oxide film 3. The 
S resist film is then patterned by a lithography process to form a resist pattern. 
10 The resist pattern is used as a mask for selectively etching the oxide film 3, 
so that a part of the upper surface of the n--type epitaxial layer 2 is exposed 
Q through an opening of the oxide film 3. The used resist film is then 
removed. The oxide film 3 is used as a mask for selective ion-implantation 
of boron as a p-type impurity into the n--type epitaxial layer 2 at an 
15 impurity concentration of 1.5E13 cm-2. 

With reference to FIG. 2B, a resist film is entirely applied over 
the n--type epitaxial layer 2 and the oxide film 3. The resist film is then 
patterned by a lithography technique to form a resist pattern 4 with an 
opening which is positioned over a part of an upper surface of the n--type 
20 epitaxial layer 2. The resist pattern 4 is used as a mask for selective ion- 
implantation of arsenic as an n-type impurity into a selected region of the 
p-type impurity doped region of the n--type epitaxial layer 2 at an impurity 
concentration of 6.0E12 cm-2 for adjusting a threshold voltage of a 
depletion type lateral MOS field effect transistor. 
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With reference to FIG. 2C, the used resist pattern 4 is removed. A 
heat is carried out at a temperature of 1140 °C for 240 minutes for 
activating the implanted boron and arsenic, thereby forming both a p-well 
region 5 in the n--type epitaxial layer 2 and an n-type region 6 in the p-well 
5 region 5 concurrently. The n-type region 6 is defined by the opening of the 
resist pattern 4. The p-well region 5 is defined by the opening of the oxide 
film 3. 

With reference to FIG. 2D, the oxide film 3 is completely 
removed. A selective wet oxidation is carried out using masks at 1000°C to 

10 selectively form field oxide films 7a on the upper surface of the p-well 
region 5, and form an additional oxide film 7b on the n-type region 6. The 
field oxide films 7a and the additional oxide film 7b have a thickness of 
about 1 micrometers. The field oxide films 7a are provided for suppressing 
the operation of the parasitic MOS field effect transistor. The additional 

15 oxide film 7b covers the upper surface of the n-type region 6. The 
additional oxide film 7b is formed by an oxidation of an upper region of the 
n-type region 6, whereby an interface of the n-type region 6 to the 
additional oxide film 7b lies at a lower level than an upper surface of the p- 
well region 5 or the upper surface of the original n-type region 6. In the 

20 oxidation process, a segregation and a shift of the interface of the n-type 
region 6 to the additional oxide film 7b in a downward direction reduce an 
effective depth of the p-n junction of the n-type region 6 to the p-well 
region 5 from the interface between the n-type region 6 and the additional 
oxide film 7b. Namely, the oxidation of the upper region of the original n- 
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type region 6 for forming the additional oxide film 7b makes the p-n 
junction more shallow. The n-type region 6 includes a low concentration of 
boron as the p-type impurity and a high concentration of arsenic as the n- 
type impurity. The segregation in the oxidation of the upper region of the 
5 original n-type region 6 for forming the additional oxide film 7b reduces 
the concentration of boron as the p-type impurity in the n-type region 6. 
The reduced concentration of boron as the p-type impurity in the n-type 
region 6 suppresses the p-n junction from being deeper in a later heat 

% treatment. The additional oxide film 7b may preferably have a thickness of 

! ■ jl 0 at least 5000 angstroms . 

jij With reference to FIG. 2E, a resist film is entirely applied over 

the field oxide films 7a and the additional oxide film 7b, the upper surface 
of the p-well region 5 and the upper surface of the n--type epitaxial layer 2. 
The resist film is then patterned by a lithography technique to form a resist 
15 pattern 8 having an opening which is positioned over the additional oxide 
film 7b. The resist pattern 8 is used as a mask for removing the additional 
oxide film 7b. 

With reference to FIG. 2F, the resist pattern 8 is removed. The 
upper surfaces of the p-well region 5 and the n'-type epitaxial layer 2 as 
20 well as an upper surface of the n-type region 6 are subjected to an oxidation 
to form a gate oxide film 9a over the n-type region 6 and another gate oxide 
film 9b over the upper surface of the p-well region 5 as well as form a gate 
oxide film 9c over the upper surface of the n--type epitaxial layer 2. The 
gate oxide films 9a, 9b and 9c have a thickness of 300 angstroms. A 



Page 19 



Pf-2840/nec/us/mh 



polysilicon layer doped with an n-type impurity is entirely formed over the 
field oxide films 7a and the gate oxide films 9a, 9b and 9c. The n-doped 
polysilicon layer is then patterned by a lithography technique and a 
subsequent selective etching process to form gate electrodes 10a, 10b and 
10c. The gate electrode 10a is positioned over the gate oxide film 29a. This 
gate electrode 10a is a gate electrode for the depletion type lateral MOS 
field effect transistor in the p-well region 5. The gate electrode 10b is 
positioned over the gate oxide film 9b. This gate electrode 10b is a gate 
electrode for the enhancement type lateral MOS field effect transistor in the 
p-well region 5. The gate electrodes 10c are positioned over the gate oxide 
film 9c. This gate electrodes 10c are gate electrodes for the vertical MOS 
field effect transistors in the n'-type epitaxial layer 2. 

With reference to FIG. 2G, a resist film is entirely applied over 
the gate electrodes 10a, 10b and 10c and the gate oxide films 9a, 9b and 9c 
as well as over the field oxide films 7a. The resist film is then patterned by 
a lithography technique to form a resist pattern 11 which covers the p-well 
region 5. 

With reference to FIG. 2H, the resist pattern 11 and the gate 
electrodes 10c are used as masks for selective ion-implantation of boron as 
a p-type impurity into the n"-type epitaxial layer 2. The used resist pattern 
11 is removed. A heat treatment is then carried out for activation of the 
implanted impurity at 1140 °C for a several tens minutes, thereby 
selectively forming p-type regions 12 in the n--type epitaxial layer 2, 
wherein the p-type regions 12 are positioned under gaps between the gate 
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electrodes 10c. The p-type regions 12 serve as body regions of the vertical 
MOS field effect transistors. Another resist film is further applied entirely 
over the gate electrodes 10a, 10b and 10c, and the gate oxide films 9a, 9b 
and 9c as well as over the field oxide films 7a. The resist film is then 
5 patterned by a lithography technique to form a resist pattern 13 which has 
openings positioned between the gate electrodes 10c and over the p-type 
regions 12, so that parts of the upper surfaces of the p-type regions 12 are 

;:J exposed through the openings of the resist pattern 13. 

[% With reference to FIG. 21, the resist pattern 13 is used as a mask 

, 10 for selective ion-implantation of boron as a p-type impurity into the p-type 
regions 12 at a high impurity concentration. The resist pattern 13 is 

CI completely removed. A heat treatment is then carried out at 1000°C for a 
several tends minutes for activation of the implanted impurity to selectively 
form p+-type regions 14 in the p-type regions 12. The p+-type regions 14 
15 are higher in impurity concentration than the p-type regions 12. The p-H- 
type regions 14 serve to suppress effective operations of parasitic bipolar 
transistors to the vertical MOS field effect transistors. Still another resist 
film is entirely applied over the gate electrodes 10a, 10b and 10c, and the 
gate electrodes 9a, 9b and 9c as well as over the field oxide films 7a. The 
20 resist film is then patterned by a lithography technique to form resist 
patterns 15 which are positioned over the p+-type regions 14. 

With reference to FIG. 2J, the resist patterns 15, the gate 
electrodes 10a, 10b and 10c and the field oxide films 7a are used as masks 
for selective ion -implantation of arsenic as an n-type impurity into selected 
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regions in the p-well region 15 and in the p+-type regions 14 at a high 
impurity concentration. The used resist patterns 15 are completely removed. 
A heat treatment is then carried out at 1000°C for several tends minutes for 
activation of the implanted impurity, thereby to selectively form n+-type 
5 regions 16a, 16b, 16c and 16d in the p-well region 5, and n+-type regions 
16e in the p-type regions 12. The n+-type regions 16a and 16b serve as 
source and drain regions of the depletion type lateral MOS field effect 
transistor in the p-well region 5. The n+-type regions 16c and 16d serve as 
source and drain regions of the enhancement type lateral MOS field effect 

10 transistor in the p-well region 5. The n+-type regions 16e serve as source 
regions of the vertical MOS field effect transistors in the n--type epitaxial 
layer 2. An inter-layer insulator 17 is entirely formed over the gate 
electrodes 10a, 10b and 10c, and the gate electrodes 9a, 9b and 9c as well 
as over the field oxide films 7a. Yet another resist film is entirely applied 

15 over the inter-layer insulator 17. The resist film is then patterned by a 
lithography technique to form a resist pattern 18 with openings which are 
positioned over contact regions of the inter-layer insulator 17. 

With reference to FIG. 2K, the resist pattern 18 is used as a mask 
for selectively etching the inter-layer insulator 17 and the gate oxide films 

20 9a, 9b and 9c to form contact holes in the inter-layer insulator 17. The 
contact holes are positioned over the n+-type regions 16a, 16b, 16c and 16d, 
as well as over the p+-type regions 14 and the n+-type regions 16e, 
whereby parts of the n+-type regions 16a, 16b, 16c and 16d as well as the 
p+-type regions 14 and parts of the n+-type regions 16e are exposed 
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through the contact holes in the inter-layer insulator 17. The used resist 
pattern 18 is completely removed. An aluminum layer 19 is entirely formed 
over the inter-layer insulator 17 and within the contact holes, so that the 
aluminum layer 19 is in contact with the parts of the n+-type regions 16a, 
5 16b, 16c and 16d as well as the p+-type regions 14 and the parts of the n+- 
type regions 16e. A resist film is further applied entirely over the aluminum 
layer 19. The resist film is then patterned by a lithography technique to 
form a resist pattern 20. 

With reference to FIG. 2L, the resist pattern 20 is used as a mask 

LO for selectively etching the aluminum layer 19 to form aluminum electrodes 
19a, 19b, 19c, 19d, and 19e. The aluminum electrodes 19a and 19b are in 
contact with the source and drain regions 16a and 16b of the depletion type 
lateral MOS field effect transistor in the p-well region 5, so that the 
aluminum electrodes 19a and 19b serve as source and drain electrodes of 

15 the depletion type lateral MOS field effect transistor. The aluminum 
electrodes 19c and 19d are in contact with the source and drain regions 16c 
and 16d of the enhancement type lateral MOS field effect transistor in the 
p-well region 5, so that the aluminum electrodes 19c and 19d serve as 
source and drain electrodes of the enhancement type lateral MOS field 

20 effect transistor. The aluminum electrode 19c is in contact with the p-i-type 
regions 14 and the parts of the n+-type regions 16e in the p-type regions 12, 
so that the aluminum electrode 19c serves as a source electrode of the 
vertical MOS field effect transistor. The used resist pattern 20 is completely 
removed. A bottom electrode 21 is formed on a bottom surface of the 
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semiconductor substrate 1. 

The above novel semiconductor device has a circuit 
configuration which includes the n-channel MOS field effect transistors 
and the p-channel MOS field effect transistors only. The above novel 
5 semiconductor device may be fabricated by small number of additional 
processes in additional to the processes for the vertical MOS field effect 
transistors. This allows a manufacturing cost reduction. The above novel 
semiconductor device is further advantageous in a reduced variation in 
threshold voltage of the depletion type lateral MOS field effect transistor. 
10 This makes it easy to design the circuit. If the variation in threshold voltage 
is suppressed within an acceptable range, then this means the 
semiconductor device to be non-defect, whereby a high yield can be 
obtained. 

The following description will focus on the reason why the 
15 variation in the threshold voltage of the depletion type lateral MOS field 
effect transistor can be reduced by the above described novel method. 
Assuming that the enhancement type lateral MOS field effect transistor has 
a threshold voltage of about IV and the depletion type lateral MOS field 
effect transistor has a threshold voltage of about -IV. At the same time 
20 when the field oxide films 7a are formed for suppressing the operation of 
the parasitic MOS field effect transistor, the additional oxide film 7b is also 
formed, which covers the upper surface of the n-type region 6. This 
additional oxide film 7b is formed by the oxidation of the upper region of 
the n-type region 6, whereby the interface of the n-type region 6 to the 
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additional oxide film 7b lies at a lower level than an upper surface of the p- 
well region 5 or the upper surface of the original n-type region 6. In the 
oxidation process, a segregation and a shift of the interface of the n-type 
region 6 to the additional oxide film 7b in a downward direction reduce an 
5 effective depth of the p-n junction of the n-type region 6 to the p-well 
region 5 from the interface between the n-type region 6 and the additional 
oxide film 7b. Namely, the oxidation of the upper region of the original n- 
type region 6 for forming the additional oxide film 7b makes the p-n 
^1 junction more shallow. The n-type region 6 includes a low concentration of 
jlO boron as the p-type impurity and a high concentration of arsenic as the n- 
ij type impurity. The segregation in the oxidation of the upper region of the 
original n-type region 6 for forming the additional oxide film 7b reduces 
^ the concentration of boron as the p-type impurity in the n-type region 6. 

The reduced concentration of boron as the p-type impurity in the n-type 
15 region 6 suppresses the p-n junction from being deeper in a later heat 
treatment. 

Thereafter, the additional oxide film 7b is removed. The gate 
oxide film 9a is formed over the n-type region 6, and then the gate 
electrode 10a is formed on the gate oxide film 9a. Since, as described 
20 above, the interface of the n-type region 6 to the additional oxide film 7b 
lies at a lower level than an upper surface of the p-well region 5, then the 
interface of the n-type region 6 to the gate oxide film 9a also lies at a lower 
level than an upper surface of the p-well region 5. This n-type region 6 
serves as a channel region of the depletion type lateral MOS field effect 
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transistor. Namely, the oxidation of the upper region of the original n-type 
region 6 for forming the additional oxide film 7b makes more shallow the 
p-n junction depth of the channel region of the depletion type lateral MOS 
field effect transistor. 

The threshold voltage is almost proportional to a logarithm of the 
impurity concentration. For this reason, the variation in threshold voltage 
of the depletion type lateral MOS field effect transistor is much larger than 
the variation in threshold voltage of the enhancement type lateral MOS 
field effect transistor. 

The p-n junction between the n-type region 6 and the p-well 
region 5 is so shallow that a depletion layer from the p-n junction reaches 
the gate oxide film 9a and no further extension of the depletion layer is 
possible, then a neutralization of charges at the p-n junction is established 
not only by the depletion layer but also injection of positive charges into 
the gate electrode 10a upon an additional voltage application to the gate 
electrode 10a. This additional voltage application to the gate electrode 10a 
increases the threshold voltage of the depletion type lateral MOS field 
effect transistor. If the threshold voltage of the depletion type lateral MOS 
field effect transistor is fixed, the decrease in depth of the p-n junction 
results in the increase in impurity concentration of the n-type region 6. The 
increase in impurity concentration of the n-type region 6 reduces the 
variation in threshold voltage of the depletion type lateral MOS field effect 
transistor. Namely, in order to reduce the variation in threshold voltage of 
the depletion type lateral MOS field effect transistor, it is effective to 



Page 26 



Pf-2840/nec/us/mh 

decrease the depth of the p-n junction between the n-type region 6 and the 
p-weli region 5. In accordance with the above novel fabrication method, the 
p-n junction depth is so shallow as to make it easy to suppress variation in 
threshold voltage of the depletion type lateral MOS field effect transistor. 

FIG. 3 is a diagram illustrative of variations in threshold voltage 
of the novel and conventional depletion type lateral MOS field effect 
transistors versus surface impurity concentration of channel region thereof 
in both the preferred embodiment of the present invention and the prior art. 
# represents the variation in threshold voltage of the conventional 
depletion type lateral MOS field effect transistor versus surface impurity 
concentration of the channel region. A represents the variation in 
threshold voltage of the novel depletion type lateral MOS field effect 
transistor versus surface impurity concentration of the channel region. 

The novel depletion type lateral MOS field effect transistor is 
smaller than the conventional type lateral MOS field effect transistor in a 
gradient of the variation in threshold voltage versus surface impurity 
concentration of the channel region. The gradient depends on the variation 
of the threshold voltage. A large gradient means a large variation of the 
threshold voltage. A small gradient means a small variation of the threshold 
voltage. The gradient of the present invention is about one half of the 
gradient of the prior art. This means that the variation in threshold voltage 
among manufacturing lots of the present invention is reduced to about one 
half of that of the conventional one. 

FIG. 4 is a diagram illustrative of threshold voltage values of the 
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novel and conventional depletion type lateral MOS field effect transistors 
versus in-plane variations of the threshold voltage over wafer in both the 
preferred embodiment of the present invention and the prior art. # 
represents the threshold voltage values of the conventional depletion type 
5 lateral MOS field effect transistor versus in-plane variations of the 
threshold voltage. A represents the variation in threshold voltage of the 
novel depletion type lateral MOS field effect transistor versus in-plane 
variations of the threshold voltage. 

If the threshold voltage is the same between the novel and 
10 conventional depletion type lateral MOS field effect transistors, the in- 
I ; plane variations of the threshold voltage of the novel depletion type lateral 
O MOS field effect transistor is about one half of the in-plane variations of 
the threshold voltage of the conventional depletion type lateral MOS field 
effect transistor. As the absolute value of the threshold voltage is large, the 
15 effect of reducing the in-plane variations of the threshold voltage is large. 

FIG. 3 shows that the gradient of the variation in threshold 
voltage of the present invention is about one half of the gradient of the 
prior art. FIG. 4 shows that the in-plane variations of the threshold voltage 
of the present invention is about one half of the in-plane variations of the 
20 prior art. It may be supposed from the experimental data that the variation 
in the impurity concentration of the channel region of the depletion type 
lateral MOS field effect transistor is reduced into about one half of the 
conventional one. 

In accordance with the above novel fabrication method, the ion- 
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implantation of the p-type impurity and subsequent the ion-implantation of 
the n-type impurity are carried out before a single heat treatment for 
activating both the p-type and n-type impurities is carried out to form both 
the p-well region and the n-type channel region concurrently for the 
purpose of reducing the variation in the effective impurity concentration of 
the n-type channel region, wherein the effective impurity concentration is a 
subtraction of the p-type impurity concentration from the n-type impurity 
concentration. The reduction of the variation in the effective impurity 
concentration of the n-type channel region contributes to reduce the 
variation in threshold voltage of the depletion type lateral MOS field effect 
transistor even a variable amount of a heat by the heat treatment. Only 
about 10% or less of the total variation in the threshold voltage of the 
depletion type lateral MOS field effect transistor depends on the variation 
of the heat amount of the heat treatment. For this reason, the influence of 
the variation of the heat amount of the heat treatment to the variation in the 
threshold voltage of the depletion type lateral MOS field effect transistor is 
small. 

It is possible as a modification that the vertical MOS field effect 
transistors have trench structures. 

It is also possible as another modification that the vertical MOS 
field effect transistor is changed to an insulating gate bipolar transistor by 
changing the n+-type semiconductor substrate 1 to the p+-type 
semiconductor substrate. 

Although the invention has been described above in connection 
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with several preferred embodiments therefor, it will be appreciated that 
those embodiments have been provided solely for illustrating the invention, 
and not in a limiting sense. Numerous modifications and substitutions of 
equivalent materials and techniques will be readily apparent to those skilled 
in the art after reading the present application, and all such modifications 
and substitutions are expressly understood to fall within the true scope and 
spirit of the appended claims. 
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